The most widely used method to quantify the wetting properties of surfaces is by measuring contact angles. Even though contact angle goniometry is a powerful technique for characterizing wetting properties, it is not accurate for very hydrophobic surfaces. As the technique relies on image processing, it has inherent errors due to optical limitations, especially near the three-phase contact line. This leads to uncertainties in the positioning of the baseline, which can cause large errors in the measured contact angles. In this paper, we systematically evaluate these errors both theoretically and experimentally, focusing on the importance of image resolution. For B9 microliter droplet, displacement of the baseline by a single pixel leads to errors of approximately AE0.51 to AE11 for contact angles up to 1501, and errors increase rapidly in the superhydrophobic regime, up to AE81. The error in the contact angle can be slightly reduced by increasing the image resolution, but cannot be eliminated entirely.
Introduction
When a liquid droplet is in contact with a solid surface, it will either spread over the surface or remain as a droplet. Whether the liquid will spread or not depends on the ratio between the surface tension (cohesion) force and adhesion force. If adhesion force is much larger than surface tension force, the liquid will wet the surface; if the adhesion force is much smaller than surface tension force, the droplet will bead. [1] [2] [3] Thus, competition between forces of adhesion and cohesion is essential in the macroscopic behavior of liquids. 1, 2 Direct measurement of the forces can be done using the Wilhelmy plate method. 4, 5 However, this technique has several drawbacks: it requires large and uniform samples with strict geometry, an accurate peripheral determination and a relatively large volume of liquid. 4, 6 Furthermore, an investigation of local wetting properties on a surface is not possible. The easiest way to relate the relative strength of the adhesive and cohesive forces is to observe the contact angle y between the tangent to the liquid-gas and liquid-solid interfaces at the three-phase contact line, where the liquid comes in contact with the solid surface. 1, 7, 8 The contact angle can be used to define different categories of surfaces: hydrophilic (y o 901), hydrophobic (y 4 901) and superhydrophobic (y 4 1501) surfaces. 1 The latter are achieved by combining suitable surface roughness and low-surface-energy materials, and show unique nonwetting properties due to the metastable air layer between the droplet and solid surface. This results in minimal adhesion and friction forces, allowing droplets to shed easily off such surfaces. [9] [10] [11] Due to these appealing properties, superhydrophobicity shows tremendous potential in industrial applications such as antifouling, 12, 13 self-cleaning 7, 14 and anti-icing 15, 16 surfaces. In order to develop next-generation superhydrophobic surfaces and advance them towards real-life applications, characterization of such surfaces needs to be more carefully considered.
The characterization of wetting properties of superhydrophobic surfaces has been mainly carried out via measurements of apparent contact angles, which can exhibit a range of values bounded by apparent advancing contact angle at the upper limit and apparent receding contact angle at the lower limit. 17, 18 An appropriate wetting characterization requires measurement of both the advancing and receding contact angles by increasing and decreasing the volume of the probe droplet, respectively. 19 The most commonly used technique for measuring contact angles is the sessile drop method coupled with digital image analysis. 19 The sessile drop technique involves placing the liquid droplet on the substrate and capturing the profile of the droplet using a camera ( Fig. 1 ). Image analysis software is employed to estimate the contact angle from the drop profile, for example by using a spherical cap approximation, 20,21 polynomial fitting, 22, 23 tangent line, 24 or direct fitting to the numerical solutions of the Young-Laplace equation. [25] [26] [27] [28] [29] The choice of the image analysis algorithm is important since different algorithms give different values of contact angles. 30, 31 Contact angle goniometry, as a technique that utilizes image processing, is prone to substantial inaccuracies for superhydrophobic surfaces (y 4 1501). 32 The area close to the three-phase contact line is distorted or blurred due to optical errors, [33] [34] [35] leading to systematic errors in the determination of the droplet shape and tangent line ( Fig. 1b ). This also makes it difficult to accurately determine the location of the baseline, which is the 2D projection of the liquid-solid interface in the side view image, and the intersection points between the droplet profile and the baseline named contact points (Fig. 1c ). The uncertainty in the determination of the baseline and the contact points has a significant effect on the accuracies of the measured contact angles [35] [36] [37] as illustrated in Fig. 1c .
The uncertainties in droplet profile and establishing the baseline strongly depend on the image resolution. An uncertainty as small as 1 mm in baseline location or measured droplet height can lead to uncertainty as large as 101 in measured contact angle. 38 For specific image resolution, one subpixel or pixel may correspond to a few mm, and thus uncertainty in contact angle can be even larger than 101. 30 Despite many attempts to improve contact angle measurements, 19, 30, [39] [40] [41] [42] [43] the technique remains to a certain degree subjective and depends on the experience and skillfulness of the user. Even for a tiny deviation of the optical path from the horizontal or for a slight tilt of the sample, errors in the measured contact angle can be significant. The measured contact angles strongly depend on the details of how the experiments were performed, such as the used magnification, applied contrast, and whether the baseline positioning is done automatically or manually. Automatic baseline detection can fail and result in incorrect contact angle values (see ESI, † Fig. S1 ). The results obtained by independent, experienced scientists can also easily vary up to a dozen degrees 30, 38 even if the same experimental conditions were used, and up to 101 if the same image is analysed ( Fig. 1d and ESI, † Fig. S1 ).
In this article, we study the sensitivity of contact angle measurements to the shift of the baseline for one pixel up or down for different pixel dimensions of the droplet in case of hydrophobic surfaces. Here the pixel dimensions of the droplet refers to the number of pixels along the width and the height of the droplet. By changing the magnification of the camera, we change pixel dimensions of the droplet to estimate how image resolution will affect contact angle measurements both experimentally and theoretically. However, it is crucial to note that high image resolution (i.e., number of pixels) alone does not guarantee more accurate results, as optical resolution determines how small details can be resolved in the recorded image. We analytically and numerically modeled the errors in contact angles produced by shifting baseline for different magnifications. We also experimentally measured the errors in contact angles created by baseline shifting using the available commercial instrument and the same droplet throughout the analysis to eliminate the effect of other error sources such as surface inhomogeneity. Both modeled and experimental data show a decrease of uncertainties with increasing pixel dimensions of the droplet, suggesting that errors in contact angle measurements can be reduced, but not eliminated, by a more performant imaging system.
Theory

Analytical droplet profile
The shape of a sessile droplet ( Fig. 2) is theoretically described by the Young-Laplace equation 26, [44] [45] [46] which relates the pressure difference, DP, across the curved liquid interface with two principal radii at the apex, R 1 and R 2 , and the surface tension, g:
The pressure difference across the interface consists of two components, the change in the hydrostatic pressure, DP g , and the change in the pressure due to the curvature of the droplet, DP g . The change in the hydrostatic pressure from the apex of the droplet in the z-direction can be expressed as DP g = rgz, where r is the density of the droplet and g is the gravitational acceleration. The change in pressure due to the curvature at the apex can be found as 2g/b = DP g using the boundary condition x(0) = z(0) = y(0) = 0 and DP g = 0 and considering axisymmetric droplet,
is the radius of the curvature at the droplet apex. Eqn (1) can then be recast as a set of three first-order differential equations for the spatial positions x and z and the turning angle y of the interface as a function of the arc length, s, as depicted in Fig. 2 . By using dimensionless variables
l c is the capillary length, g is liquid surface tension, Dr is the difference between liquid and air density, and g is gravitational acceleration, the first-order differential equations can be written in the following form:
The system of differential equations (eqn (2)) for given b* and c values is solved using the solver in MATLAB s , ode45, which utilizes the fourth-order Runge-Kutta method. 45, 47 Fig. 3a illustrates how sessile droplet profiles derived from Young-Laplace equation change with different b* parameter while keeping c parameter fixed to 13.45 cm À2 , the value for water at room temperature. Droplet profiles calculated with a small b* value correspond to small droplet volumes and appear spherical since their size is smaller than or comparable to the capillary length and gravity has little to no effect on their shape. When the b* value is increased, the droplet profiles are flattened due to gravity and thus their dimension in the x direction is larger than in the z direction. Fig. 3b shows how a change in c parameter affects the droplet shape while keeping the b* parameter fixed at 0.43, which approximately corresponds to an 8.8 ml water droplet. Different values of c can, for example, reflect the density and surface tension changes caused by small temperature fluctuations around room temperature. The shape and size of the droplet profiles do not appear to change significantly for the range of c values shown in Fig. 3b .
To calculate analytical drop profile for a specified volume and contact angle, we need to find the solution for eqn (2) and determine the value for parameter b*, which is not trivial. First, we set an initial value for b*, calculate the droplet profile using the specified contact angle and evaluate the droplet volume. If the volume does not match the specified volume, b* is adjusted and the profile is calculated again. This iteration process is repeated until the correct volume is achieved. In Fig. 3c and d we show the profiles of water droplets evaluated by solving eqn (2) with a fixed volume of 8.8 ml and apparent contact angles of 1501 and 1801. Droplet shape can also be approximated as a spherical cap with a radius r ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi 3V=4p 3 p . The difference between the height of the apex using spherical cap approximation and the height of the apex including gravitational sagging is denoted by dH. As can be seen from Fig. 3c and d , dH is larger for higher apparent contact angles, leading to the failure of the spherical cap approximation. Thus, special care is needed when choosing the method for calculating the theoretical droplet profile.
Numerically calculated contact angles
To numerically model the contact angles, we first fit the experimentally captured droplet profile with the analytical droplet profile. To find the best fit, we define an objective function, E, as the sum of squares of the normal distance, d n , between the measured points, p m , and the calculated curve, l, obtained from the integration of eqn (2) where N is the total number of experimental points). To find d n for each point, first a theoretical curve consisting of approximately 10 000 points is generated, and then d n is computed as the distance from the experimental point to the closest of the discrete theoretical points. The objective function depends on four unknown variables: the actual location of the apex x e and z e (Fig. 2) , the radius of curvature at the apex, b*, and the capillary length squared, c. To achieve maximal agreement between the analytical Young-Laplace curve and the raw data points, we minimize the objective function concerning the four parameters (qE/qq i = 0, i = 1-4). Minimization equations are solved with the Newton-Raphson method using Matlab. Since for a superhydrophobic surface due to high contact angle, the arc length between the contact point and the droplet equator is large, and the area near the three-phase contact line on goniometer image is distorted, the minimization of the objective function does not give the best estimation of b* and c parameters but initial parameters for further analysis. Thus, the locus near the three-phase contact line can be used to find the droplet profile more precisely. 46 The loci, P 1 with coordinates x 1 and z 1 , and P 2 with coordinates x 2 and z 2 , were chosen from the raw data to be close to the contact point (Fig. 4) , and were selected from the raw data. Once the loci are selected, the drop-shape function, x A i , can be defined to be x i /b* at the locus P i with A i being x i /z i (i is 1 or 2). 46 Knowing the drop-shape function, the drop-shape factor can be obtained as the ratio of the drop-shape functions x A 1 /x A 2 . 46 Eqn (2) was then integrated for different c values, initially guessed by best fit described above, to evaluate the drop-shape function and drop-shape factor by finding the suitable range of c values for a specific set of A 1 and A 2 values. The relationship between coefficients c and b* and the drop-shape function values x A 1 and x A 2 is constructed by using polynomial equations 46 c = a 0 + a 1 Q + a 2 Q 2 + a 3 Q 3 and x A 2 /b* = t 0 + t 1 Q + t 2 Q 2 , where Q = x A 1 /x A 2 À 1. 46 Polynomial coefficients a i and t i are obtained by fitting 46 and calculated in MATLAB s . Once the values of A 1 and A 2 are selected, the values of P 1 , P 2 , x 1 , x 2 , z 1 and z 2 are known from the image and therefore the values of b* and c can be obtained from the polynomial fitting. Once the theoretical Young-Laplace curve fixed by b* and c values is obtained, the baseline is set to be at H distance from the apex (Fig. 4 ) and the contact angle is the turning angle, j, at the intercept point between the theoretical sessile droplet profile and the baseline.
Experiments
The effect of the pixel dimensions of the droplet was investigated experimentally using a droplet image obtained with Attension Theta contact angle goniometer and Young-Laplace fitting carried out with OneAttension software Version 3.2. An 8.8 ml water droplet was placed on a superhydrophobic copper surface coated with nanorough silver and 1H,1H,2H,2H-perfluorodecanethiol. 48 The droplet images were recorded with different magnifications to have different pixel dimensions of the droplet in the image view. Even though we did not use different cameras, the different pixel dimensions can be used to approximate what would be the effect of different camera resolutions. Although the actual number of pixels recorded by the goniometer remains constant, lower magnification reduces the pixel dimensions of the droplet, which is used for the analysis. To obtain the contact angle errors caused by baseline displacement, we first determined the best estimate of the correct baseline positioning by examining the contact region with high magnification in the goniometer software and finding the shortest distance between the contact points. Then we move the baseline up or down 1 pixel from our best estimate of the correct position and examine the change in the measured contact angle. By using the same droplet throughout the analysis, we eliminate the effect of other error sources, such as surface inhomogeneity, and can investigate the effects of baseline errors more accurately.
When utilizing the goniometer full camera resolution (1984 by 1264 pixels), raising the baseline for 1 pixel from the estimated correct position causes an error of approximately 11 (Fig. 5a ). For a lower magnification image, the apparent size of the droplet is decreased from 1213 by 1042 pixels to 399 by 345 pixels (Fig. 5b ). This is similar to using a goniometer with a lower camera resolution. In this case, raising the baseline by 1 pixel causes an error of approximately 41. There is also a 31 difference between contact angles measured with different magnifications, even when using our best estimates for the correct baseline locations ( Fig. 5a and b ). This further highlights the uncertainty of contact angle measurements on superhydrophobic surfaces.
In addition to quantifying the effect of pixel dimensions of the droplet, we also studied the error as a function of the contact angle. We achieved this by using the same droplet image and moving the baseline up pixel by pixel, which leads to a gradual decrease in the obtained contact angle and droplet volume (Fig. 5c ). Analysing only part of the droplet by raising the baseline is justified, since the shape of the liquid-gas interface is governed only by the Laplace pressure and surface tension, as can be seen from eqn (1) .
Results and discussion
The crucial problem of contact angle measurements
The ideal droplet profile was obtained by analytical modelling shown in Fig. 3c and d . In reality, it is very difficult to measure apparent contact angles of 1801 due to optical errors affecting recorded droplet profile. To demonstrate this problem, we used a steel ball, which can be considered as equivalent to a liquid droplet with infinite surface tension and apparent contact angle of 1801 ( Fig. 6a ). For a perfect image of the steel ball sitting on a substrate, one needs to have a flat substrate that is placed perfectly horizontal. Even though efforts were done to place the sample horizontally, the long baseline where the ball meets the substrate seen in Fig. 6a-1 shows that there is a slight tilt in the direction of the camera. Thus instead of having a clear contact point, there is a small part of the contour of the spherical interface in the vicinity of three-phase contact point that becomes undetectable. It is important to note here that the ball-substrate interface (or in case of a droplet the liquid-solid interface) cannot be seen from the image. Therefore, in practice, the liquid-solid interface is determined by extrapolating the air-solid interface in the vicinity of the three-phase contact line, and defined as the baseline. Unfortunately, even if this sounds easy, the diffuse nature of the imaged air-solid interface makes the determination of the baseline difficult ( Fig. 6a-2) .
To determine a contact angle, the edge profile needs to be identified, and theoretical Young-Laplace data and actual physical data need to match. In Fig. 6a-3 it can be seen that even in case of the steel ball, where the contrast should be ideal, there is ambiguity in the ball edge, which causes an additional error to edge detection and thus to contact angle calculations. The numerically calculated contact angle for a steel ball on the flat substrate was 1711. The unavoidable discrepancy in the baseline position leads to an error of 91. This is a critical issue in contact angle measurements on superhydrophobic surfaces, especially since the mentioned optical problems are even larger for a water droplet than for the steel ball ( Fig. 6b and 1b) . The accuracy in image analysis can be improved by developing better algorithms for image analysis, which are based on subpixel edge detection. To introduce subpixel resolution, one first needs to reconstruct the original image in pixel by performing classification in order to determine edge location inside a pixel and divide it into classes based on intensity. By using subpixel resolution in edge detection of the droplet, one needs to have in mind that the discrete structure of a pixel grid significantly reduces edge information. 49 Therefore, the edge position with subpixel resolution can only be approximated with some probability as its determination always requires guessing. Furthermore, the subpixel edge detection can be done in various ways, and thus, the errors from such image analysis can vary. For some of them, even if the subpixel resolution is used for edge detection, the accuracy is still at the pixel level. This is primarily due to ill-defined edge points which can disturb the shape of the object. 49 Even when the image is carefully reconstructed in subpixel resolution and the edge detection is done with a better precision, still the exact location of the contact points is found using pixel resolution. 50 This is because the manually estimated location of the baseline in the horizontal direction is in the pixel resolution not in the calculated subpixel resolution. The vertical position of the contact points can be resolved with subpixel resolution, which usually improves the contact angle determination, but one needs to keep in mind that software cannot accurately find the droplet shape near the contact line due to optical distortions. Simulation of droplet shapes should be done carefully, especially in the vicinity of the contact region, which will be dictated by the wetting properties of the surface. 51 It has been shown that for superhydrophobic surfaces with contact angles approaching 1801 error in determined contact angles can be up to 51 even when subpixel resolution is used. 30 The errors in contact angle produced by one-pixel displacement of the baseline To demonstrate the importance of correct positioning of the baseline, we simulate a one-pixel baseline shift from an actual baseline position. We perform numerical simulations described above, and the results are shown in Fig. 7a . The resulting theoretical drop profiles denoted as Young-Laplace data are matched with physical data indicated as raw data, and by using a modified selected-plane method, the contact angle is calculated to be 174.841. Then we use Young-Laplace data for simulation of baseline shifting. The spherical cap approximation matches poorly with the original data, which highlights the additional errors produced by choosing the wrong algorithm for image analysis.
To evaluate errors in measured contact angles produced by one-pixel displacement of the baseline, the Young-Laplace curve needs to be transformed such that the contact point (intersection point of the droplet profile and baseline) is in origin, as shown in the inset in Fig. 7b . Since we are interested in contact angles from 901 to 1801, we simulate these contact angles for the lower quarter of the Young-Laplace data (Fig. 7b ).
Pixelation was introduced by scaling non-dimensional curve into pixels and by discretizing the curve in the z-direction. As a result, we have precisely one data point for each vertical pixel ( Fig. 7c and d) , and thus we can calculate contact angles for a baseline shifted by one pixel. The difference between the contact angles calculated for actual baseline position and for one-pixel displacement is denoted as an error in contact angles and is shown in Fig. 8 .
From Fig. 8 it can be seen that generally the contact angle error corresponding to one-pixel displacement is low for small contact angles and increases quickly with increasing contact angle. It should be noted that the errors from the edge detection are not included in the analysis, whereas they are unavoidable in real contact angle measurements and thus the actual contact angle errors may be larger than the ones shown in Fig. 8 .
The errors in contact angles for analytical modeling were calculated for analytically obtained droplet profile shown in Fig. 3d in the same way as explained earlier for numerical modeling (Fig. 7c and d) . The analytical results present the ideal case with a maximum contact angle of 1801 on a homogeneous substrate without image processing, and thus, the errors are smaller. In reality, the errors are larger due to the blurred area around the contact points as shown by the numerical simulations using image analysis. Therefore, for superhydrophobic surfaces, the existing contact angle algorithms based on detection of the contact points will introduce significant error. The experimental errors evaluated using a commercial goniometer software match reasonably well with analytically and numerically calculated errors ( Fig. 8) and demonstrate how the errors increase with increasing contact angles. The errors range from 0.51 for contact angles below 1501 to 81 for contact angles close to 1801. In this work, we did not take into account the error caused by the drop edge detection, which however is inevitable in real contact angle measurement, and thus the actual contact angle errors can be larger than the error shown in Fig. 8 .
The pixel dimensions of the droplet (droplet size in the image) is a very critical parameter in contact angle detection. To demonstrate this, we recorded images of the same droplet using different optical magnifications. First, we used a high magnification on our high-resolution goniometer so that the droplet filled almost the whole captured image (pixel dimensions of the droplet 1213 by 1042, Fig. 5a ). This allows us to see in more detail the droplet profile and the contact region on the image. Then we lowered the magnification to obtain smaller images of the droplet, 739 by 634 pixels and 399 by 345 pixels (Fig. 5b) , coarsening the droplet edge and the contact region on the image, similar to lower-resolution cameras. The obtained experimental and simulated results are shown in Fig. 8 . The contact angle error for one-pixel baseline displacement decreases with increasing pixel dimensions of the droplet, indicating that with a more performant imaging system and sufficient magnification, the uncertainties can be reduced, but unfortunately not eliminated.
Our experiments also highlight the importance of the user experience and details how the experiment was performed. From Fig. 5a and b the significance of chosen magnification can be seen. The lower magnification gives less information about the droplet profile and the contact region ( Fig. 5b ) compared to the higher magnification ( Fig. 5a ) and the difference in measured contact angle can be up to 41 depending on where the baseline is placed.
Software-induced errors in contact angle measurements
The experimental analysis of the contact angles was done using OneAttension software Version 3.2. In our experience, the automatic baseline detection does not work well for superhydrophobic surfaces, and thus the user has to determine the correct baseline position manually (ESI, † Fig. S1 ). Additionally, we noticed that when using a normal full HD (1920 by 1080 pixels) monitor the droplet image available for setting the baseline is shown in a reduced resolution (992 by 632) compared to the camera resolution (1984 by 1264). This reduces the accuracy at which the baseline can be positioned and increases the errors in measured contact angles. This problem can be mitigated by the user using an ultra HD monitor or by stretching the software window over several normal monitors.
Conclusions
The shape of a droplet placed on a substrate and its contact angle are governed by the ratio between forces of cohesion and adhesion. Therefore, the wetting properties of surfaces can easily be quantified by measuring the contact angles. Even though contact angle measurement is a standard technique for characterizing wetting properties suitable for a broad range of contact angles, it can be problematic for superhydrophobic surfaces. As an image processing technique, it carries inevitable inaccuracies due to optical limitations, especially near the three-phase contact line. We show that positioning the baseline is difficult and errors of one pixel or more can occur easily. As a result, the existing contact angle algorithms will introduce significant errors when they are used to evaluate the contact angle for the superhydrophobic surfaces, especially for the large contact angles (y 4 1701).
We show that the contact angle errors caused by one-pixel displacement of the baseline are significant in commercial method, numerically fitted droplet profiles and even analytically calculated profiles. The errors increase rapidly with increasing contact angle and they can be reduced by a more performant imaging system, but unfortunately, they cannot be eliminated entirely. The results were obtained using Attension Theta goniometer and OneAttension software version 3.2 and will likely be somewhat different for other goniometers with their own internal biases and accuracies due to different optical systems and image analysis methods. However, the overall conclusions should be valid for contact angle goniometry in general.
For developing the next generation of superhydrophobic surfaces, we encourage the research community to rethink the relevance of contact angle measurements and to consider more precise force-based characterization technologies. Recently, sensitive force-based methods with enhanced accuracy have been developed for the characterization of superhydrophobic surfaces. Oscillations of magnetic water droplets allow measurement of friction forces between droplet and surface with nanonewton sensitivity 9 while adhesion forces between droplet and surface can be measured and mapped by scanning droplet adhesion microscopy with sensitivity down to nanonewton. 11 and are considering potential commercialization partly supported by Business Finland and ERC.
